INTRODUCTION
Dendritic cells (DCs) are unique bone marrow (BM)-derived antigen-presenting cells (APC) that play a key role in the initiation and modulation of immune responses. DC-based vaccines are being used clinically for the induction of antitumor immune responses in cancer [1] and are being considered for the induction of tolerance in transplantation or autoimmune disease [2] . The factors that determine whether DCs induce immunity or tolerance are of intense interest [3] . DCs, in an immature state, reside in the peripheral tissues, are highly endocytic, and express low levels of major histocompatibility complex (MHC) class II and costimulatory molecules. It has been suggested that these "steady state" DCs are capable of maintaining tolerance by inducing regulatory T cells or the deletion of autoreactive T cells [4] . Following maturation, DCs lose their endocytic ability, up-regulate MHC class II and costimulatory molecules, and present antigen to T cells for the initiation of immune responses [5] . DCs influence T cell proliferation and effector function by providing costimulation and establishing the cytokine environment at the time of T cell priming [6 -8] . Following activation, naive CD4 ϩ T cells differentiate into effector cells and most commonly develop into T helper cell type 1 (Th1) or Th2 cells. In general, type 1 responses are dominated by T cells producing primarily interferon (IFN)-␥. In contrast, type 2 responses are dominated by T cells producing interleukin (IL)-4, IL-5, and IL-10 [9] . Many factors influence the differentiation of Th1/Th2 cells, including the dose of antigen, the nature and degree of costimulation, and the cytokine milieu surrounding the differentiating cells. The level and/or type of costimulation influence the differentiation of Th1 or Th2 cells, and the development of Th2 responses, in particular, is strictly dependent on costimulation mediated via CD28/B7 interactions [10] . In addition, cytokines, secreted by DCs at the time of initial T cell stimulation, play an important role in the subsequent differentiation of effector T cells.
The dominant cytokine produced by activated DCs following CD40 ligation or Toll-like receptor (TLR) ligation is IL-12p70, which induces IFN-␥ production and is necessary for the generation of Th1 cells [11] . DCs that fail to produce IL-12p70 are assumed to promote the generation of a Th2 response or to down-regulate Th1 responses through the action of costimulatory molecules and/or other DC-produced cytokines such as IL-12p40, IL-6, or IL-10 [12] [13] [14] [15] [16] .
We have identified a DC population, derived from BM cells propagated in granulocyte macrophage-colony stimulating factor (GM-CSF; GM) ϩ IL-4. This DC population prevents the development of diabetes in nonobese diabetic (NOD) mice, a murine model for type 1 diabetes [17, 18] . The therapeutic DC population expressed high levels of costimulatory molecules and produced low levels of IL-12p70 following activation [18] . Furthermore, we demonstrated that treatment of NOD mice with this DC population induced a Th2 response in vivo [19, 20] . When DCs were generated in the presence of GM alone, they produced high levels of IL-12p70 following CD40 ligation and had no effect on the development of the disease [17, 19] . In particular, we did not observe any enhancement of the Th1 response or exacerbation of disease in mice given GM DCs, suggesting that high levels of IL-12p70 production were not indicative of strong Th1 polarization by GM DCs. Recently, it was shown that the culture of human monocytes in GM and IL-15 led to the generation of DCs with features of Langerhans cells [21] . In addition, culture of murine splenic DCs in IL-15 induced IFN-␥ production by these DCs, and IL-15-treated, splenic DCs were more effective stimulators of CD8 ϩ T cell proliferation [22] . Furthermore, a more recent report demonstrated that culture of BM cells in GM and IL-15 generated DCs with a heightened ability to stimulate CD8 ϩ T cells and induced higher levels of IFN-␥ production by CD8 ϩ T cells [23] . These data suggest that DCs that produce IL-12p70 and IFN-␥ might be more effective in driving Th1 responses than DCs that only produce IL-12p70.
In this study, we have compared the ability of three distinct BM-derived DC populations to induce Th1 and Th2 responses in vitro and in vivo. We have cultured BM progenitors from NOD mice in GM alone, GM ϩ IL-4, or GM ϩ IL-15. These DCs differed in their ability to produce IL-12p70 and/or IFN-␥ and in their expression of costimulatory molecules. Using naive T cells from syngeneic, allogeneic, or T cell receptor (TCR) transgenic mice, we show that GM ϩ IL-4 DCs are strong inducers of Th2 cells in vitro and in vivo. In contrast, GM ϩ IL-15 DCs produced high levels of IFN-␥ as well as IL-12p70 and induced Th1 differentiation. Despite the fact that GM DCs produced high levels of IL-12p70, they were unable to induce strong Th1 polarization. These results suggest that Th1 differentiation is more robust when DCs produce IL-12p70 and IFN-␥ and that reliance on IL-12p70 levels alone to predict DC function might not be appropriate in all cases.
MATERIALS AND METHODS

Mice
Female NOD/Lt and SWR mice were purchased from The Jackson Laboratory (Bar Harbor, ME) and were maintained in the pathogen-free animal facility of the University of Pittsburgh (PA) under Institutional Animal Care and Use Committee guidelines and approved protocols. BDC2.5-TCR transgenic mice were a gift from Dr. Christophe Benoist (Joslin Diabetes Center, Boston, MA) and were bred onto female NOD mice in our animal facility.
DC generation, phenotype, and activation
Myeloid progenitor cells from NOD BM cells were prepared as described by depleting MHC class II ϩ cells, T cells, and B cells using monoclonal antibody (mAb) and complement [17] . The progenitor cells (0.5ϫ10 6 /ml) were cultured in 4 ml/well in six-well plates in the presence of GM alone (1 ng/ml, R&D Systems, Minneapolis, MN), GM ϩ IL-4 (1 ng/ml, PeproTech, Rocky Hill, NJ), or GM ϩ IL-15 (20 -40 ng/ml, PeproTech) in RPMI 1640 (Gibco, Grand Island, NY) [17] . Cells were fed on day 2, and DCs were purified on day 4. The GM ϩ IL-4 DCs were purified using metrizamide gradients (purity Ͼ87%) [18, 19] , and the GM and GM ϩ IL-15 DCs were purified using CD11c magnetic beads (Miltenyi Biotec, Auburn, CA; purity Ͼ90%).
Purified DC populations were stained with fluorescein isothiocyanate (FITC)-or phycoerythrin (PE)-conjugated mAb specific for CD80, CD86, CD40, class II, or the DC markers CD11c and CD205. DC purity was determined by the expression of DC markers and lack of staining with mAb against CD3, B220, Gr.1, and F4/80 molecules [17] .
The ability of DCs to respond to inflammatory stimuli and produce cytokines was determined in vitro. Purified DCs (10 6 /ml) were stimulated via TLR-3 by poly I:C (20 g/ml, Sigma Chemical Co., St. Louis, MO), TLR-4 by lipopolysaccharide (LPS; 10 g/ml, Sigma Chemical Co.), or TLR-9 by CpG (4 g/ml, DNA Synthesis Facility, University of Pittsburgh) in the presence or absence of IFN-␥ (50 ng/ml, BD PharMingen, San Diego, CA) [18, 24] . Cells were cultured for 24 h, and culture supernatants were collected and kept frozen at -20°C for subsequent analyses of IL-12p70, IL-12p40, IL-6, IFN-␥, IL-10, and nitric oxide (NO), as described previously [18, 20] .
Syngeneic and allogeneic mixed leukocyte reaction (MLR)
Naive CD4 ϩ splenic T cells from NOD or SWR mice were purified using CD4 magnetic beads (Miltenyi Biotec; purity 90 -95%). T cells (2ϫ10 5 /100 l) were cultured in 96-well flat-bottom plates with varying numbers of irradiated (20 Gy) DCs per 100 l medium for 3 days. The plates were pulsed with 0.5 Ci/well 3 H-thymidine for last 18 h, and cells were harvested as described [17] .
In vitro DC:T cell cocultures
Purified, splenic CD4 ϩ T cells (2ϫ10 6 /ml) from NOD or SWR were cocultured with (2ϫ10 5 /ml) NOD DC populations in 12-well plates. Supernatants from these primary cultures were collected after 3-4 days and kept frozen (-20°C).
Freshly isolated CD4
ϩ T cells or purified T cells from primary DC:T cell cocultures were stained with Cy-Chrome-conjugated anti-CD4 (BD PharMingen) in combination with PE-conjugated anti-CD69, CD25, and CD62L (BD PharMingen), and cells were analyzed by fluorescein-activated cell sorter (FACS). Freshly isolated CD4
ϩ T cells and purified T cells from primary DC:T cell cocultures were stimulated (0.5ϫ10 6 /well) in a total volume of 1 ml in 24-well plates precoated with 10 g/ml anti-TCR␣␤ mAb [19] . Plates were incubated at 37°C for 2 days, after which the culture supernatants were collected and kept frozen (-20°C). Th1 (IFN-␥) and Th2 (IL-4, IL-5, IL-10) cytokines were quantified in supernatants from primary and secondary cultures by enzyme-linked immunosorbent assay (ELISA).
Naive CD62L ϩ T cells from the spleens of TCR transgenic BDC2.5-NOD mice [25] were purified using magnetic beads (Miltenyi Biotec; purity Ͼ85%). BDC2.5 mice express TCRV␤4 and proliferate in response to an 11-amino acid synthetic peptide, which is structurally similar to the islet antigen GAD65 (524 -541) [26] . Purified CD62L ϩ T cells (10 6 /well) were cocultured with DCs (2ϫ10 5 /well) and 50 g/ml antigenic peptide in a total volume of 2 ml in 12-well plates for 2 days. Following incubation, T cells from these primary cultures were purified on Ficoll gradients and stained with anti-Cy-Chrome-CD4 and anti-FITC-TCRV␤4 mAb in combination with PE-conjugated antiactivation/regulatory molecules (CD69, CD25, CD62L). Purified T cells from these cultures were rested for 4 -5 h at 37°C. The T cells were restimulated (0.5ϫ10 6 /well) in a total volume of 1 ml in 24-well plates precoated with 10 g/ml anti-TCR␣␤ mAb. Culture supernatants were collected and kept frozen (-20°C) for detection of Th1 and Th2 cytokines by ELISA as described above.
In vivo effect of DCs on T cell responses
Seven-week-old NOD mice (nϭ7/group) were injected intravenously (i.v.) with 10 6 DC/mouse in 100 L phosphate-buffered saline (PBS) or left untreated as controls (nϭ4). Prior to injection, DC populations were washed three times in ice-cold PBS. Five days following DC injections, spleens were harvested, and CD4 ϩ T cells were purified using magnetic beads. For the determination of intracellular cytokine production, splenic T cells (1.5-2ϫ10 6 /ml) were stimulated with phorbol 12-myristate 13-acetate (PMA; 10 ng/ml), ionomycin (500 ng/ml, Sigma Chemical Co.), and Brefeldin A (10 g/ml, Epicentre, Madison, WI) for 5 h in 12-well plates. Following activation, cells were stained with anti-Cy-Chrome-CD4 in combination with FITC-IFN-␥/PE-IL-4 mAb (BD PharMingen) and then analyzed by FACS for the production of intracellular cytokines by CD4 ϩ T cells [27] . To detect cytokine secretion by T cells, 10 6 /ml was stimulated with anti-TCR␣␤ (10 g/ml) mAb, precoated on 24-well plates in the presence or in some experiments, in the absence of soluble anti-CD28 mAb (2 g/ml, BD PharMingen) for 48 h in a total of 2 ml. Culture supernatants were collected and kept frozen for ELISA as described above.
Statistics
The statistical analyses were determined using one-way ANOVA. Turkey's multiple comparison test was used amongst three groups for the level of significance. The two-tailed Student's t-test was applied between two groups. P value Յ0.05 denotes significance. Data are presented as x Ϯ SD.
RESULTS
Influence of cytokines on DC yield, phenotype, and cytokine production
The recovery of the BM-derived DCs using three different culture conditions was similar (PϾ0.05). The DC yield (1ϫ10 6 per 1ϫ10 7 BM cells) from GM cultures was 0.7 Ϯ 0.22, n ϭ 8; the GM ϩ IL-4 was 0.76 Ϯ 0.26, n ϭ 9; and the GM ϩ IL-15 was 0.85 Ϯ 0.41, n ϭ 9. DCs were analyzed by FACS for the expression of DC-specific marker CD11c and costimulatory molecules. The analysis of these results revealed that the GM ϩ IL-4 DCs expressed high levels of CD80, CD86, CD40, and MHC class II, whereas the GM DCs and GM ϩ IL-15 DCs expressed low levels of these molecules (Fig. 1) .
We then examined the DC populations for the pattern of cytokine production following activation via TLR-3 and TLR-4, as described in Materials and Methods. Although the GM ϩ IL-4 DCs produced low levels of IL-12p70, the GM and GM ϩ IL-15 DCs produced large amounts of IL-12p70 within 24 h of activation [LPS: GMϩIL-4 vs. GM DCs (*, PϽ0.001) or GMϩIL-15 DCs (*, PϽ0.01); poly I:C: GMϩIL-4 vs. GM DCs (**, PϽ0.001) or GMϩIL-15 DCs (**, PϽ0.01; Fig. 2, A and  C Fig. 2D ). We also measured the levels of IFN-␥ secretion by DCs following TLR-9 ligation using CpG. The GM ϩ IL-15 DC was the only DC population to produce IFN-␥ (107.7Ϯ125, nϭ2), although this was lower than that seen with LPS or poly I:C. None of the DC populations produced any IL-12p70 or IFN-␥ when cultured in the absence of stimulation (data not shown). In addition, GM and GM ϩ IL-15 DCs produced higher levels of IL12p40 compared with GM ϩ IL-4 DCs (**, PϽ0.05); however, none of the three DC populations produced any IL-10 following activation with poly I:C ( Table 1) . The GM ϩ IL-15 DCs produced higher levels of NO compared with GM ϩ IL-4 DCs ( † †, PϽ0.05); however, no differences in NO production were found between GM and GM ϩ IL-15 DCs (Table 1) . 
Stimulatory function of cytokine-driven DCs in MLR
Next, we examined the capacity of DC populations to stimulate naive T cells from NOD or SWR. Analysis of these data revealed that the GM ϩ IL-4 DCs were potent stimulators of naïve, allogeneic CD4
ϩ T cells compared with GM or GM ϩ IL-15 DCs (Fig. 3, right panel) . DC populations stimulated the naïve, syngeneic CD4 ϩ T cells similarly (Fig. 3, left panel) . The higher T cell stimulatory capacity of GM ϩ IL-4 DCs in the primary allogeneic MLR was reflected in higher levels of IFN-␥ secretion by T cells during the primary stimulation (data not shown) as we previously published [17] . In addition, the higher T cell stimulatory capacity of the GM ϩ IL-4 DCs in allogeneic MLR was correlated with the higher expression of costimulatory molecules on this DC population (Fig. 1) .
In vitro effect of cytokine-driven DCs on T cell activation
The nature of syngeneic (NOD) or allogeneic (SWR) T cell responses induced by DC populations was determined following secondary stimulation using anti-TCR mAb. Purified T cells were cultured with the three DC populations for 3-4 days. The T cells were restimulated on anti-TCR-coated plates as described in Materials and Methods. Analysis of these results revealed that the naïve, syngeneic (Fig. 4, upper panels) or allogeneic (Fig. 4 Fig. 4 , lower panels); thus, this DC subset induced a predominantly Th1 response. To our surprise, the pattern of cytokine production by T cells harvested from the primary GM DC:T cultures and restimulated via TCR demonstrated no T cell polarization by the syngeneic or allogeneic T cells (Fig. 4) .
As an alternative means to examine the differential ability of DC populations to induce T cell polarization, we used BDC2.5-TCR transgenic mice. It has been shown that naive BDC2.5 T cells can be induced to differentiate into Th1 or Th2 cells [28] . In this study, the naive CD62L ϩ BDC2.5 T cells were stimulated with DC populations or splenic APC in the presence of peptide, as described in Materials and Methods. Purified T cells from DC:T cell cultures were stained with anti-CD4 and anti-TCRV␤4 mAb, in combination with anti-CD69, CD25, or CD62L, as described in Materials and Methods. FACS analysis of these markers on the gated CD4 ϩ /V␤4 ϩ T cells revealed that a higher percentage of T cells had an activated phenotype following culture with GM ϩ IL-4 DCs compared with T cells cultured with GM DCs or GM ϩ IL-15 DCs (Fig. 5A) , correlating with higher levels of costimulatory molecules on the GM ϩ IL-4 DC population (Fig. 1) . No differences in T cell phenotype were observed between T cells stimulated with GM or GM ϩ IL-15 DCs (Fig. 5A) . The purified T cells were then restimulated on anti-TCR-coated plates as described in Materials and Methods (Fig. 5B) . Analysis of cytokine production using culture supernatants collected from three independent experiments revealed that the purified T cells from GM ϩ IL-4 DC cultures produced high levels of IL-4 and IL-5 in addition to IFN-␥, whereas the GM ϩ IL-15 DCs mainly stimulated the T cells for the production of IFN-␥ (Fig. 5B) . The T cells from the GM DC cultures produced minimal levels of cytokines following second stimulation (Fig. 5B) . 
In vivo effect of cytokine-driven DCs on T cell activation
To determine the function of the DC populations in vivo, we examined the pattern of cytokine production by T cells following i.v. injection of DCs. Five days following DC injection, splenic CD4 ϩ T cells from DC-treated or untreated NOD mice were harvested as described in Materials and Methods. We first examined the intracellular cytokine production by splenic CD4 ϩ T cells following in vitro restimulation with PMA and ionomycin using FACS. Analysis of IFN-␥ and IL-4 production by CD4 ϩ T cells revealed that the percentage of T cells producing IL-4 from GM ϩ IL-4 DC-injected mice (nϭ5) was higher compared with the T cells from untreated GM (nϭ5) or GM ϩ IL-15 (nϭ5) DC-treated mice (*, PϽ0.05; Fig. 6A ). There was no difference in the number of IFN-␥-producing T cells between GM or GM ϩ IL-15 DC-treated mice (nϭ5, PϾ0.05; Fig. 6A ). Figure 5 . In vitro effect of cytokine-driven DCs on activation molecules and cytokine production by BDC2.5 T cells. Naive CD62L ϩ BDC2.5 T cells were stimulated with DC populations or splenic APC and peptide for 2 days. T cells were purified on Ficoll and then stained and analyzed by FACS (A) for the expression of the indicated activation markers on gated CD4 ϩ /V␤4 ϩ T cells, or T cells were rested for 4 -5 h and restimulated for cytokine production (B) following a second stimulation via TCR, as described in Figure 4 . Results shown in A are x Ϯ SD of the two independent experiments and in B, are three independent experiments. Fig. 6 . In vivo effect of cytokine-driven DCs on T cell activation. Seven-week-old NOD mice were injected i.v. with 1 ϫ 10 6 -indicated DC populations or left untreated. Five days following injection, the splenic CD4 ϩ T cells were purified as described in Materials and Methods. (A) Analysis of intracellular cytokine production by purified, splenic CD4 ϩ T cells (mice, nϭ5; 1.5-2ϫ10 6 /ml) following in vitro stimulation with PMA (10 ng/ml), ionomycin (500 ng/ml), and Brefeldin A (10 g/ml) for 5 h. Following activation, T cells were stained with CyChrome-CD4 for cell-surface expression and FITC-IFN-␥/PE-IL-4 mAb combination for the detection of an intracellular cytokine production by FACS. Cytokine production by (B) splenic CD4 ϩ T cells measured by ELISA. Cells (10 6 /ml) were stimulated via TCR in the absence (mice, nϭ3) or presence (mice, nϭ5) of soluble, anti-CD28 mAb for 48 h. (Fig. 6B) . When T cells were restimulated via TCR, the GM ϩ IL-4 DC-treated mice produced predominantly Th2 cytokines [IL-4: GMϩIL-4 vs. GM DCs (*, PϽ0.01) or GMϩIL-15 DCs (*, PϽ0.05); IL-5: GMϩIL-4 vs. GM DCs (*, PϽ0.01) or GMϩIL-15 DCs (*, PϽ0.05); Fig. 6B ]. This was in contrast to the T cells from GM ϩ IL-15 DC-treated mice, which produced a predominant Th1 cytokine [IFN-␥: GMϩIL-15 vs. GM DCs or GMϩIL-4 DCs (*, PϽ0.01); Fig. 6B)] , similar to the data obtained with the in vitro experiments. Following T cell restimulation in the presence of anti-CD28 mAb, the GM ϩ IL-4 DC-treated mice produced only higher levels of IL-5 compared with GM ( †, PϽ0.01) or GM ϩ IL-15 ( †, PϽ0.05; Fig. 6B ). T cells from GM DC-treated or GM ϩ IL-15 DC-treated mice produced low levels of IL-4, and much higher levels were produced by T cells from GM ϩ IL-4 DC-treated mice, but this did not reach any statistical significance. This suggests that the GM ϩ IL-4 DCs had an intrinsic ability to stimulate T cells for production of Th2 cytokines. In addition, these results suggest a critical role for the production of IFN-␥ by GM ϩ IL-15 DCs on the observed enhancement of Th1.
DISCUSSION
Several studies have demonstrated that subsets of myeloid DCs play important roles in the stimulation and differentiation of Th1 or Th2 cells during immune responses [11, 29, 30] . These studies have suggested that the level of costimulatory molecules on DCs and the local cytokine environment at the time of T cell priming are important, e.g., IL-12p70 directs Th1 differentiation, and IL-4 induces Th2 differentiation [6, 11, 29, 31, 32] . In our previous studies with NOD mice, we generated a DC population from BM that expressed high levels of costimulatory molecules (CD80, CD86, CD40) and produced low levels of IL-12p70 following activation. This GM ϩ IL-4 DC population induced regulatory Th2 cells, which altered the Th1/Th2 balance in vivo and protected young NOD mice from diabetes development [18, 19] . In contrast, a DC (GM DC) population that expressed low levels of costimulatory molecules and produced high levels of IL-12p70 did not affect the development of diabetes in this model [17] [18] [19] . Despite the ability of GM to produce high levels of IL-12p70, we did not observe an increase in Th1 differentiation in NOD mice treated with GM DCs, suggesting that IL-12p70 production is not the only factor required for Th1 differentiation.
In the present study, we have compared the differential role of three phenotypically and functionally distinct BM-derived DC populations in the activation and polarization of three distinct T cell populations. Our data demonstrate that GMϩ IL-4 DCs can directly induce the differentiation of Th2 cells in allogeneic, syngeneic, and TCR transgenic models, suggesting that this DC population has an intrinsic ability to direct Th2 differentiation. In contrast, GM ϩ IL-15 DCs are highly effective in the induction of Th1 differentiation, whereas GM DCs fail to induce any T cell polarization. The differential ability of GM and GM ϩ IL-15 DCs to induce Th1 differentiation cannot be attributed to IL-12p70 production, as both populations produced high levels of this cytokine. Conversely, we found that GM ϩ IL-15 DCs were the only DCs capable of producing IFN-␥, an important factor for the up-regulation of IL-12R␤2 in T cells [33] .
Cytokines are the major factors driving the differentiation of Th1 and Th2 cells, and the ability of DCs to induce Th1 differentiation has been related to their ability to produce high levels of IL-12p70. This is becoming relevant in clinical settings, where DCs are being used as immunotherapeutic vaccines in the context of cancer [34] . To our surprise, we found that two DC populations that produced equivalent levels of IL-12p70 differed markedly in their ability to drive Th1 differentiation. No T cell polarization was observed with GM DCs, although this population secreted large amounts of IL-12p70 following activation with TLR ligands or CD40 ligation [18] . These results are in contrast to previous reports stating that IL-12p70 production by DCs was sufficient to induce abundant IFN-␥ production in T cells and Th1 responses [29, 35] . Conversely, GM ϩ IL-15 DCs, which produced IFN-␥ in addition to IL-12p70, were effective in Th1 polarization. These DCs could have primed the naive T cells to respond to IL12p70 through the induction of the IL-12R␤2 chain by DCderived IFN-␥. This is in agreement with a recent report demonstrating that the early presence of IFN-␥ can prime CD4 ϩ T cells to be IFN-␥-producing effector cells [36] . IL-15 influences DC function and phenotype in human [21] and murine [22, 23] systems. Studies in the mouse have suggested that DCs generated in the presence of IL-15 are better able to stimulate CD8 ϩ T cells. In addition, it was shown that splenic DCs produce large amounts of IFN-␥ when stimulated by IL-12 and IL-18, suggesting that an additional factor besides IL-12 was needed to contribute to Th1 differentiation [37] . Further, it has been shown that infection of mice with Listeria monocytogenes stimulated IFN-␥ production by splenic CD8 ϩ DC and monocytes [38] , demonstrating the potential importance of this phenomenon in vivo. The culture of BM progenitors in GM ϩ IL-15 gives rise to a DC population with strong Th1-skewing capability, which could be of clinical significance. Thus, these results suggest that reliance on IL12p70 production as an indicator of whether DCs can induce Th1 differentiation may be unwarranted.
The ability of GM ϩ IL-4 DCs to induce Th2 differentiation could be related to the low level of IL-12p70 produced by these cells, but this DC population also expressed much higher levels of costimulatory molecules (CD80, CD86, and CD40) than the other two populations. Th2 differentiation is more dependent on the presence of strong CD28-induced signals than Th1 differentiation [39] . It has been shown that T cells from CD28 knockout mice fail to produce type 2 cytokines, whereas IFN-␥ is produced normally by these cells [37, 40] . In this study, GM ϩ IL-4 DCs induced a greater degree of T cell activation, as determined by increased proliferation and expression of activation markers. This is likely to be related to the increased expression levels of MHC class II and costimulatory molecules on the DC. There have been several reports describing DCs with Th2-driving capabilities, and recently, it has been shown that human DC2 are characterized by in-creased levels of OX40L expression and that this expression is required for induction of Th2 differentiation [35] . Another molecule, CD200, is homologous to CD80 and CD86 and has costimulatory function [41] . In addition, blocking the interaction between CD200 and its ligand (CD200R) enhances skin graft survival and alters the pattern of cytokine production by T cells in MLR [42] . We have recently completed microarray analyses comparing the GM ϩ IL-4 and GM DCs and have found that the GM ϩ IL-4 DCs expressed higher levels of OX40L and CD200 at the RNA level and by FACS analysis (manuscript in preparation). In addition, we found that the GM ϩ IL-4 DCs express higher levels of RNA for chemokines implicated in Th2 responses, such as CC chemokine ligand (CCL)17 and CCL22. These data, coupled with the present study, strongly suggest that the GM ϩ IL-4 DC population has intrinsic ability to induce Th2 differentiation under a variety of conditions. The next step is to determine which of these molecules plays critical roles in Th2 differentiation induced by GM ϩ IL-4 DCs and to use this information in the design of clinical interventions aimed at inducing regulatory Th2 responses, such as in autoimmune disease.
Overall, these studies demonstrate that manipulation of the conditions under which DCs are generated from BM results in DCs with distinct abilities to stimulate naive T cells [11] . We have identified and characterized culture conditions that allow for the generation of DCs with strong Th1 or Th2 differentiating capabilities. Differentiation of Th1 cells appears to require IFN-␥ and IL-12p70 production by DCs. The ability of DCs to stimulate Th2 differentiation may be related to the reduced level of IL-12p70 production but also to the high levels of CD80 and CD86 as well as the expression of other molecules, such as OX40L and specific chemokines. As DC therapy is being considered in many areas of clinical medicine, including autoimmunity, transplantation, and cancer, there is a need for a clear understanding of the molecular interactions necessary to drive the desired Th cell response. In the case of cancer, a Th1 response is necessary for the induction of antitumor cytotoxic responses, and thus, GM ϩ IL-15 DCs would be suitable. In contrast, in autoimmune disease, characterized by a pathogenic Th1 response, the GM ϩ IL-4 DCs would be more appropriate.
